Introduction
The pathway for leucine biosynthesis has been investigated most extensively in the enteric bacteria Escherichia coli and Salmonella typhimurium and the ascomycetes Neurospora crassa and Saccharomyces cerevisiae (Calvo, 1983; Kohlhaw, 1990) . The most common route for leucine biosynthesis is the isopropylmalate (IPM) pathway. In both E. coli and s. typhimurium, four contiguous structural genes encode three enzymes unique to the IPM pathway : leuA and leuB code for ol-IPM synthase and p-IPM dehydrogenase respectively; leuC and 1euD are both required for the expression of IPM isomerase activity. Transcription of these four genes is initiated at a single promoter that precedes the 1euA gene and the operon is regulated by attenuation (Carter et al., 1985; Wessler & Calvo, 1981) . The nucleotide sequences of leuA, leuC and 1euD from S. typhimurium have been reported (Ricca & Calvo, 1990; Rosenthal & Calvo, 1990; Friedberg et al., 1985) . In the ascomycetes, however, the genes encoding the enzymes are not organized in an operon, but are widely scattered on the chromosome (Kohlhaw, 1983) .
Little information is available about the organization of the leucine genes or about the pathway of leucine biosynthesis in photoautotrophic micro-organisms such * Author for correspondence. Tel. (0382) 391574; fax (0382) 528496.
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as cyanobacteria (Riccardi et al., 1989) . Porter et al.
(1 986) isolated an Agmenellum quadruplicatum DNA fragment that complemented E. coli leuB but not leuA or ZeuD mutations, although the fragment could complement one E. coli leuC allele. Similar results were obtained by Cangelosi et al. (1986) in Nostoc UCD 7801. It is therefore possible that these biosynthetic genes are not clustered in cyanobacteria.
In this work we report the isolation and subcloning in E. coli of the leuB gene isolated from the cyanobacterium SpiruZina platensis. We also present the complete nucleotide sequence and a transcriptional analysis of this gene, demonstrating that it is not organized in a leu operon. We compare the deduced amino acid sequence of the S. platensis leuB gene product to /I-IPM dehydrogenases of different micro-organisms.
Methods
Culture conditions and DNA isolation. Culture conditions for S. platensis C 1, as well as total DNA purification, have been previously described (Riccardi et al., 1981 (Riccardi et al., , 1985 . The E. coli strain HBlOl [FhsdS20 (rgmg recA13 ara-14 leuB6 proA2 lecY1 galK2 rpsL20 (Str') xyl-5 mtl-Z supE441 was used as recipient for plasmid transformation. Growth conditions, small-and large-scale plasmid extractions, DNA digestion, DNA fragment isolation and transformation were performed according to Maniatis et al. (1982 HindIII fragment from pNLH2 -70 "C using Kodak X-Omat AR films and DuPont Lightning-Plus intensifying screens. The S. platensis LEMBL3 genomic library was screened by plaque hybridization as described by Maniatis et at. (1982) , using the Nostoc leuB gene as a probe. Isolated phages were purified and further analysed by restriction enzyme digestion and hybridization of DNA prepared from small-scale liquid lysates (Maniatis et ul., 1982) . DNA fragments from LEMBL3 recombinants were subcloned into pGEM4Z (Promega Corporation) by standard procedures.
DNA sequence determination. Double-strand nucleotide sequencing was performed by the dideoxy chain-termination method (Sanger et ul., 1977) , after subcloning the different DNA restriction fragments in the plasmid pGEM4Z. A sequencing kit was used (Pharmacia, LKB) and reactions were carried out according to the manufacturer's instructions, using SP6 and T7 promoters (Promega Corporation) as primers. To overcome secondary structures in G + C-rich stretches, 7-deaza-dGTP rather than dGTP was used in the sequencing reactions. DNA sequences were analysed with DNA and Protein Sequence Analysis programs by D. W. Mount and B. Conrad, University of Arizona Protein sequence alignments were generated with the CLUSTAL program (Higgins & Sharp, 1989) .
RNA isolation and Northern hybridization. RNA was extracted from a 1-litre culture of S . platensis, grown to mid-exponential phase and collected by filtration. Cells were immediately frozen in liquid nitrogen, macerated using a ceramic mortar and pestle and then resuspended in guanidine . HC1 buffer (8wguanidine. HCl, 0.1 Msodium acetate, 5 mMdithiothreito1, 0.5% sodium lauryl sarcosinate). The cell suspension was extracted with an equal volume of watersaturated phenol and the aqueous phase was re-extracted with phenol/chloroform/ismyl alcohol (25 : 24 : 1, by vol.) prior to a final extraction with chloroform/isoamyl alcohol (24 : 1, v/v). Sodium acetate (PH 5.2) was added to a final concentration of 0.3 M and RNA was precipitated by adding 2.5 vols ice-cold ethanol and exposure to -20 "C for at least 2 h. RNA was recovered by centrifugation at 1OOOOg for 10 min at 4 "C. The pellet was washed with icecold 70% (v/v) ethanol, recentrifuged briefly and then redissolved in a small volume of distilled water. Three volumes of ethanol were added, and the preparation was stored at -70 "C.
Samples containing 20 pg RNA were separated by formaldehydeagarose gel electrophoresis (Maniatis et ul., 1982) and transferred by an alkali blotting procedure to Hybond-N+ filters (Amersham) according to the manufacturer's instructions. The filters were prehybridized and hybridized by standard procedures (Maniatis et al., 1982) . The hybridized blots were washed twice for 10 min each in 2 x SSC, 0.1 % SDS at 50 "C and twice in 0.2 x SSC, 0.1 % SDS at 68 "C, and then exposed to X-Omat AR films at -70 "C with an intensifying screen.
Results

Isolation of the leuB gene from S. platensis
A 3000 bp HindIII fragment containing the complete leuB gene (encoding p-IPM dehydrogenase) and some upstream sequences from Nostoc UCD 7801 ) was used to probe a Southern blot of total genomic DNA of S. platensis. One prominent band of about 800 bp was observed in the EcoRV digest (data not shown). The Nostoc UCD 7801 leuB gene was then used to screen a REMBL3 library of partially Sau3AI-digested DNA of S. platensis (Riccardi et al., 1991) . Several positive recombinant clones were selected and one of them (AG8), with an insert of about 20 kb, was analysed further. A Southern blot of the AG8 DNA, digested with EcoRV and probed with the Nostoc UCD 7801 leuB gene, yielded a hybridization pattern similar to that obtained from a genomic S. platensis DNA digest (data not shown). When the 800 bp EcoRV fragment from AG8 was used to probe Southern blots of S. platensis and AGS DNA, digested with .several enzymes, an identical hybridization pattern was observed (Fig. 1) . The sizes and number of these fragments indicated that the presumed leuB gene is present in a single copy in S.
platensis.
The insert in RG8 was mapped by restriction analysis to obtain a shorter fragment presumed to contain the complete leuB gene. A partial digestion with DraI released a fragment of about 7 kb, which contained the leuB gene. This DraI fragment was subcloned into the and hybridization experiments (using the Nostoc UCD 7801 IeuB probe) performed on S. platensis and AG8 DNA (data not shown). The essential part of this map is shown in Fig. 2 .
Sequence analysis of the S. platensis IeuB gene
Although leuB genes have reportedly been cloned from different bacterial species, leuB nucleotide sequence data have been reported only for Thermus thermophilus (Fig. 3) . The sequence corresponding to the -10 region (TAAATT) exactly matches the -10 region identified as the psbAI gene promoter of Anabaena 7120 (Tandeau de Marsac & Houmard, 1987) . A potential -35 region (GAATAT) of the putative IeuB promoter is located about 27 bp upstream from its -10 region (TAAATT). This is identical to the putative -35 region of the potential gene encoding the 42 kDa subunit of Anabaena cylindrica soluble hydrogenase (Ewart et al., 1990) . Sequence analysis also disclosed putative promoters homologous to E. coli consensus sequences, as indicated in Fig. 3 . However, which, if any, of these sequences are recognized in vivo is not yet known.
There are two inverted repeat sequences (with a mismatch) in the region flanking the 3' end of the leuB gene (Fig. 3) . Either or both of these may be involved in the termination of transcription. The first is located approximately 10 bp downstream from the end of the coding region and can potentially form a 9 bp stem with a 12 bp loop. The second, a 12 bp stem with a 29 bp loop, is 1 bp downstream from the first stem and loop structure.
Both inverted repeats contain G + C-rich regions, but only the second is followed by a series of four thymidines, making it the more likely terminator by the criteria of Rosenberg & Court (1979) .
Comparison with sequences of other IPM dehydrogenases
A comparison of the deduced amino acid sequences of the P-IPM dehydrogenase enzymes from S. platensis, T. thermophilis, Sacch. cerevisiae, C. utilis and Y. lipolytica is presented in Fig. 4 . When the amino acid sequences are optimally aligned, they are approximately 47 % homologous; this homology increases to about 60% when allowance is made for conservative amino acid substitutions. Regions of identity vary in length from 1 to 7 consecutive amino acids and are distributed throughout the sequence. The degree of overall homology indicates that these genes encode a family of closely related polypeptides. The fact that some stretches of amino acids are well conserved in the prokaryotic and the eukaryotic enzymes may imply essential structures (enzymically active sites) of the IPM dehydrogenase molecules. However, biochemical indications about functional domains in these enzymes have not been experimentally determined.
Northern analysis
If the leucine genes of S. platensis were arranged in an operon, as in E. coli and S. typhimurium, the Spirulina leuB gene would be expected to lie upstream of the leuC gene and be transcribed in the same direction. Our attempts to identify open reading frames in 5' and 3' flanking regions of led? that could be homologous to S. typhimurium leuA and leuC, respectively, failed. The length of the leuB gene transcript was determined by hybridizing the 743 bp EcoRV fragment of the S. platensis leuB gene (Fig. 2) to a Northern blot of S. platensis RNA. A transcript of 1150 nucleotides was revealed, indicating that the S. platensis IeuB gene is 
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